INTRODUCTION {#sec1-1}
============

Traumatic brain injury (TBI) results from direct impact to the head or from sudden acceleration-deceleration. The functional deficits are due to primary and secondary mechanisms\[[@ref1]\]. The most prevalent and debilitating features in survivors of brain trauma are cognitive deficits and motor dysfunctions\[[@ref2]\]. To date, there is no effective method for promoting functional recovery other than routine medical intervention and care\[[@ref3]\]. Cellular therapies utilizing neural stem/progenitor cells provide promise for the treatment of brain injury\[[@ref4]\]. However, clinical use of embryonic stem cells or fetal tissues is limited by ethical considerations and other complications. Mesenchymal stem cells represent an alternative source of stem cells for cell replacement therapies. Preclinical TBI studies tested the therapeutic efficacy of xenogenic transplantation of bone marrow-derived mesenchymal stem cells (BMSCs)\[[@ref5]\], but results demonstrated that these cells induced rejection. Therefore, autologous transplantation of BMSCs could provide potential advantages.

BMSCs can pass through the blood-brain barrier and migrate throughout the forebrain and cerebellum, as well as differentiate into astrocytes and neurons following transplantation into the brain lesion site\[[@ref6]\]. The present study determined the efficacy and mechanisms of autologous BMSCs transplantation for treating TBI by analyzing motor function, cognition, cell differentiation, neurotrophic factor expression, angiogenesis, and apoptosis.

RESULTS {#sec1-2}
=======

Quantitative analysis of experimental animals {#sec2-1}
---------------------------------------------

A total of 126 healthy Sprague Dawley rats were used to establish a controlled cortical impact model of TBI according to previously described methods\[[@ref7]\]. A total of 100 rats with successfully established injury (Neurological severity score, NSS 13--17\[[@ref8][@ref9]\]) were randomly assigned to transplantation and control groups (*n* = 50, respectively) and underwent surgical transplantation of autologous BMSCs or surgical physiological saline, respectively. Finally, 100 rats were included in the final analysis.

Autologous BMSC transplantation improved brain tissue pathology in TBI rats {#sec2-2}
---------------------------------------------------------------------------

Histological changes were observed following hematoxylin-eosin staining. At 24 hours after injury, pathological changes, including hemorrhage, edema, vasocongestion, and inflammatory cell infiltration, occurred, although there was no significant difference between transplantation and control groups. At 28 days, the area of edema and necrosis was significantly smaller in the transplantation group, and glial cell proliferation was significantly decreased, compared with the control group ([Figure 1](#F1){ref-type="fig"}).

![Pathological changes at different time points in brain tissues following traumatic brain injury (hematoxylin-eosin staining).\
(A) Control group: 24 hours (A1, × 200), 7 days (A2, × 100), and 28 days (A3, × 400) after traumatic brain injury.\
(B) Transplantation group: 24 hours (B1, × 200), 7 days (B2, × 100), and 28 days (B3, × 400) after traumatic brain injury. At 28 days, edema and necrosis areas are decreased compared with the control group.](NRR-7-46-g001){#F1}

Autologous BMSC transplantation promoted glial cell proliferation in brain tissues of TBI rats {#sec2-3}
----------------------------------------------------------------------------------------------

The mature glial cell marker glial fibrillary acidic protein (GFAP) was used in conjunction with 5-bromodeoxyuridine (BrdU) to identify newly generated glial cells by immunofluorescence double staining. Fluorescence microscopy revealed significantly less BrdU GFAP double-labeled cells in the control group compared with the transplantation group at 7--28 days after TBI (*P* \< 0.05; [Figure 2](#F2){ref-type="fig"}, [Table 1](#T1){ref-type="table"}).

![5-bromodeoxyuridine (BrdU)/glial fibrillary acidic protein (GFAP) expression in brain tissues at different time points after traumatic brain injury (immunofluorescence double staining, fluorescent microscopy).\
(A) Control group (A1, × 400; A2, × 200).\
(B) transplantation group (B1, B2, × 400).\
Cells with green nuclei are newly generated BrdU-positive cells and red fluorescence is GFAP-positive glial cells. The number of BrdU/GFAP double-labeled cells (yellow; arrows) is less in the control group than in the transplantation group at 7 (A1, B1) and 28 days (A2, B2) after traumatic brain injury.](NRR-7-46-g002){#F2}

###### 

Number of 5-bromodeoxyuridine/glial fibrillary acidic protein double-labeled cells (cells/200 × field of view) in the lesioned brain area after traumatic brain injury

![](NRR-7-46-g003)

Autologous BMSC transplantation increased brain-derived neurotrophic factor (BDNF) expression in brain tissues of TBI rats {#sec2-4}
--------------------------------------------------------------------------------------------------------------------------

BDNF expression was analyzed using the streptavidin-peroxidase method\[[@ref10]\]. BDNF expression was strong in the transplantation group under light microscope ([Figure 3](#F3){ref-type="fig"}), and BDNF expression significantly increased following BMSC transplantation compared to the control group (*P* \< 0.05; [Table 2](#T2){ref-type="table"}).

![Brain-derived neurotrophic factor (BDNF) expression in brain tissues at 7 days after traumatic brain injury (streptavidin-peroxidase; × 100).\
BDNF-positive cells (arrows) appear as brown staining in the cytoplasm. BDNF expression is significantly increased in the transplantation group (B) compared with the control group (A).](NRR-7-46-g004){#F3}

###### 

Comparison of the number of brain-derived neurotrophic factor-positive cells (cells/200 × field of view) after traumatic brain injury

![](NRR-7-46-g005)

Nestin expression in brain tissues of TBI rats following autologous BMSC transplantation {#sec2-5}
----------------------------------------------------------------------------------------

Nestin expression was analyzed by immunohistochemistry, as previously described\[[@ref10]\]. The presence of the immature cellular marker nestin was clearly detectable in the transplantation group ([Figure 4](#F4){ref-type="fig"}). Statistical analyses showed that at 7--28 days after TBI, the number of nestin-positive cells significantly increased in brain tissues of the transplantation group compared with the control group (*P* \< 0.05; [Table 3](#T3){ref-type="table"}).

![Nestin-positive cells in brain tissues at 14 days after traumatic brain injury (streptavidin-peroxidase; × 200).\
Nestin-positive cells are visible as cells with brown staining (arrows). Nestin expression is significantly increased in brain tissues of the transplantation group (B) compared with the control group (A).](NRR-7-46-g006){#F4}

###### 

Comparison of the number of nestin-positive cells (cells/200 × field of view) after traumatic brain injury

![](NRR-7-46-g007)

Autologous BMSC transplantation increased factor VIII expression in brain tissues of TBI rats {#sec2-6}
---------------------------------------------------------------------------------------------

At 7, 14, 21, and 28 days after TBI, VIII expression was observed in brain tissues of both groups. BMSC transplantation significantly increased vascular density and vessel-to-tissue ratio in brain tissue compared with the control group (*P* \< 0.05; [Figure 5](#F5){ref-type="fig"}, [Table 4](#T4){ref-type="table"}).

![Factor VIII antigen expression in brain tissues at 14 days after traumatic brain injury (streptavidin-peroxidase; ×100).\
Coronal sections are stained with antibodies specific to factor VIII. Positive cells appear as dark brown-stained nuclei (arrows). Factor VIII expression is significantly increased in brain tissues of the transplantation group (B) compared with the control group (A).](NRR-7-46-g008){#F5}

###### 

Comparison of the number of factor VIII-positive cells (cells/200 × field of view) after traumatic brain injury

![](NRR-7-46-g009)

Autologous BMSC transplantation inhibited cell apoptosis in brain tissues of TBI rats {#sec2-7}
-------------------------------------------------------------------------------------

Cell apoptosis was detected by terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)\[[@ref11]\]. Several apoptotic cells were observed in both groups ([Figure 6](#F6){ref-type="fig"}). Statistical analyses revealed significantly less TUNEL-positive cells in the transplantation group compared with the control group (*P* \< 0.05; [Table 5](#T5){ref-type="table"}), suggesting that BMSC transplantation protected against cell apoptosis.

![Cellular apoptosis in brain tissues at 28 days after traumatic brain injury (terminal deoxynucleotidyl transferase dUTP nick-end labeling, × 200).\
Arrows show apoptotic bodies (brown). The number of apoptotic cells is increased in the control group (A) com-pared with the transplantation group (B).](NRR-7-46-g010){#F6}

###### 

Quantification of terminal deoxynucleotidyl transferase dUTP nick-end labeling-positive cells (cells/400 × field of view) after traumatic brain injury

![](NRR-7-46-g011)

Autologous BMSC transplantation improved motor functions in TBI rats {#sec2-8}
--------------------------------------------------------------------

Motor function was measured using the NSS, which is sensitive for unilateral cortical injury, because it reflects multiple asymmetries, including postural, sensory, forelimb, and hindlimb\[[@ref8][@ref9][@ref12][@ref13]\]. There was no significant difference in NSS scores between transplantation and control groups at 14 days after TBI (*P* \> 0.05). However, at days 21 and 28, scores were significantly lower (*i.e*., improved) in the transplantation group compared with the control group (*P* \< 0.05; [Table 6](#T6){ref-type="table"}).

###### 

Comparison of Neurological Severity Scores after traumatic brain injury

![](NRR-7-46-g012)

Autologous BMSC transplantation improved cognitive function in TBI rats {#sec2-9}
-----------------------------------------------------------------------

The Y-maze was used to measure learning and memory in the rats\[[@ref14]\]. During the initial 7 days, the transplantation group showed no significant improvement in the test. However, performance significantly improved in the transplantation group by 14 days post-transplantation compared with the control group, and the positive effect persisted for up to 28 days (*P* \< 0.05; [Table 7](#T7){ref-type="table"}).

###### 

Comparison of error times in the Y-electric maze test after traumatic brain injury

![](NRR-7-46-g013)

DISCUSSION {#sec1-3}
==========

The present study analyzed functional outcomes after TBI in rats following surgical transplantation of autologous BMSCs, which previous studies have shown to improve functional outcomes in experimental studies of traumatic brain injury. A previous preclinical study\[[@ref15]\] analyzed the therapeutic efficacy of xenogenic BMSC transplantation, but this method requires immunosuppressive treatment. The present study demonstrated that surgical transplantation of autologous BMSCs improved sensorimotor function after TBI. To the best of our knowledge, this is the first study to demonstrate that surgical transplantation of autologous BMSCs reduces deficits in spatial learning and sensorimotor functions after TBI. NSS results and the times of error reactions in the Y-electric maze test demonstrated that BMSC transplantation promoted recovery of sensorimotor functional deficits. Surgical transplantation of autologous BMSCs also resulted in significant treatment effects on NSS at later time points compared with the control group.

In the present study, following TBI, BMSCs induced endogenous cellular proliferation and enhanced neural plasticity. Morphological changes in brain tissue at different time points after TBI demonstrated that BMSC transplantation attenuated neuronal and nerve fiber necrosis, relieved degree of pathological reaction, protected injured neurons, prevented glial cell proliferation, and increased nerve fiber regeneration. BMSCs have been previously shown to significantly decrease glial scar formation and promote glial-axonal remodeling\[[@ref16]\]. This could be a mechanism by which BMSCs inhibit progressive chronic processes of cell death or initiate repair of injured cerebral tissue.

Following transplantation into the lesion site, the number of nestin-positive cells significantly increased, and some GFAP-positive cells were observed. BrdU/GFAP double-positive cells were detected in the lesion site. These results suggested that BMSCs promoted remodeling of injured cerebral tissue. BMSC fate is regulated by interactions with the microenvironment, neighboring cells, soluble trophic factors, and mechanical stimuli. BMSCs in the brain have been shown to secrete various growth factors that promote functional outcome after injury, thereby increasing endogenous levels of these factors\[[@ref17][@ref18][@ref19]\]. BMSCs also induce intrinsic parenchymal cells to produce these growth factors\[[@ref15]\]. Recent studies have suggested that growth factors such as fibroblast growth factor-2, VEGF, and BDNF promote neurogenesis\[[@ref20][@ref21][@ref22]\]. However, short duration and limited expression of endogenous growth factors provide challenges for overall and lasting treatment of damaged neurons. Indeed, transplantation of gene-modified hMSC (BDNF-hypersecreting hMSC) into a middle cerebral artery occlusion model results in better outcome\[[@ref23]\]. In the present study, expression of the neurotrophic factor BDNF increased in the brain lesion following BMSC transplantation, suggesting that BMSCs produced BDNF and induced intrinsic parenchymal cells to produce BDNF. BMSCs induce expression of cytokines and trophic factors within parenchymal cells that enhance angiogenesis, neurogenesis, and synaptogenesis\[[@ref24]\] in the lesion zone, and the majority of surviving BMSCs were detected in the lesion zone in the TBI + BMSC group compared with the control group.

BMSCs "home" to damaged tissue, and previous studies have shown that regenerated neuronal- and astrocyte-like cells are of bone marrow origin\[[@ref16][@ref23]\]. Studies have shown that intravenous administration of marrow stromal cells results in accumulation of these cells within the ischemic rat brain, and a small percentage of these cells express neuronal markers\[[@ref25]\]. Neural stem cells are concentrated within the subventricular zone, but migration to the zone of injury is often limited by distance. However, bone marrow cells can be delivered *via* direct surgical injection to the region of interest. In the present study, a significantly increased number of nestin-positive cells was detected in brain tissue of the BMSC transplantation group compared with control group, suggesting that bone marrow--derived cells expressed the stem cell marker nestin.

Brain regeneration following cerebral injury requires the generation of new neurons and glial cells, as well as the generation of new blood vessels. It remains unknown which specific bone marrow--derived populations are involved in neovascularization or neuronal regeneration. However, it is likely that these could be separate cell populations. Bone marrow contains at least two populations of progenitor cells: hematopoietic and marrow stromal cells\[[@ref25][@ref26]\]. Marrow stromal cells have a wide differentiation potential and differentiate into cells that express neuronal markers *in vitro* and *in vivo*\[[@ref25]\]. In contrast, hematopoietic stem cells are the putative progenitor cells for the endothelium. BMSCs mobilize in response to injury, differentiate into endothelial cells, and decrease endothelial apoptosis. Results from the present study showed that BMSCs transplanted to the lesion site contributed to neovascularization. In addition, factor VIII expression significantly increased in brain tissue of the BMSC transplantation group compared to the control group. BMSCs treatment significantly increased vascular density in brain tissue compared with the control group, suggesting that BMSCs increased angiogenesis and reduced injury in TBI rats.

Studies have suggested a strong correlation between neovascularization and neurogenesis in the brain. In the adult hippocampus, newly dividing cells are found in dense clusters associated with the vasculature, suggesting that neurogenesis occurs in an angiogenic niche\[[@ref27]\]. These findings have clinical importance and provide novel therapeutic strategies for enhancing regeneration and recovery after TBI.

Bone marrow-derived progenitor cells differentiated into endothelial cells and nestin-expressing cells, which suggested that surgical transplantation of autologous bone marrow stem cells could provide effective treatments for TBI. However, further studies are needed to accurately quantify angiogenesis and neurogenesis following BMSC transplantation in the TBI-injured brain. Repair of brain injury is a major therapeutic challenge, but recent progress in cellular transplantation, drugs, gene therapy, and molecular therapies has increased optimism for future cures. The combination of strategies could provide sufficient structural and functional recovery.

In conclusion, autologous BMSC transplantation provided therapeutic benefits and promoted remodeling of injured cerebral tissue. This method could provide strategies for repairing brain injury and improving neurological function after TBI.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-10}
------

A randomized, controlled animal experiment.

Time and setting {#sec2-11}
----------------

The present study was performed at the Experimental Center of Henan Provincial People\'s Hospital, China, from December 2009 to March 2011.

Materials {#sec2-12}
---------

A total of 126 healthy, male, Sprague Dawley rats, aged 18--22 months and weighing 250--300 g, were provided by the Laboratory Animal Center of Tongji Medical College in Central China, University of Sciences and Technology. All experimental procedures were performed in accordance with the *Guidance Suggestions For the Care and Use of Laboratory Animals*, formulated by the Ministry of Science and Technology of China\[[@ref28]\].

Methods {#sec2-13}
-------

### Establishment of TBI model {#sec3-1}

A controlled, cortical impact model of TBI was established according to Feeney\'s method\[[@ref29]\]. The rats were fasted for 16 hours prior to surgery. During the experiment, the rats were anesthetized by intraperitoneal injection of 100 g/L chloral hydrate (0.35 g/kg) and placed in a prone position. After the skin was sterilized, a median incision was made on the scalp, and the periosteum was stripped to expose the right parietal bone. A 5-mm diameter hole was drilled 1.5 mm posterior to the frontoparietal suture and 2.5 mm lateral to the median line, leaving the dura mater intact. A 20-g counterweight was vertically dropped from a 30-cm long copper tube to strike dura mater and induce right parietal lobe TBI. Gentamicin (4 × 10^7^ IU/L; 5 drops) was administered to the cut, bone wax was used to seal the hole, and the scalp was sutured. At 24 hours after establishment of the TBI model, neurological functions were measured by NSS\[[@ref8][@ref9]\]. A total of 100 rats with scores between 13--17 were used for analysis.

### BMSC preparation and transplantation {#sec3-2}

All animals received an intraperitoneal injection of BrdU, twice daily for one week (50 mg/kg; Sigma, St. Louis, MO, USA) and 7 days prior to model establishment to label dividing cells. At 24 hours after model establishment, the rats were intraperitoneally anesthetized with 350 mg/kg body weight chloral hydrate. A vertical incision was made along the anterior margin of the tibia to expose the proximal part of the facies medialis tibiae. A 2-mL heparin-infiltrated syringe was inserted into the tibia, and 0.4 mL bone marrow was harvested. The bone marrow was mixed with 5 mL phosphate buffered saline (PBS) and mechanically dispersed. The single cell suspension was transferred to an aseptic centrifuge tube and centrifuged. The supernatant was discarded, and cells were resuspended in an equal volume of D-Hank\'s solution. The cells were then centrifuged and the mononuclear cell layer was gently triturated into a single-cell suspension. Mononuclear cell suspensions were quantified following trypan blue staining (0.2%) and dilutions were adjusted to 1 × 10^6^/100 µL. BMSCs exhibited typical spindle-shape morphology, and cell type was confirmed by flow cytometry. BMSCs (1 × 10^6^) were suspended in 100 µL saline and were delivered *via* direct surgical injection to the brain lesion site\[[@ref30]\]. In the control group, equal amounts of physiological saline were injected.

### Neurological functional evaluation {#sec3-3}

Neurological function was assessed using NSS\[[@ref8][@ref9]\], which is composed of motor (muscle status, abnormal movement), sensory (visual, tactile, and proprioceptive), reflex, and beam walking tests. A greater NSS score represents more severe injury. Evaluation began prior to TBI and was performed once daily after TBI.

The Y-electric maze test was used to assess processing speed\[[@ref14]\]. Briefly, rats were placed in the maze, and tasks were recorded in the following manner: after electric shock, the rat escaped from the starting zone to the safety zone within 10 seconds, *i.e*., correct reaction. If the rat did not reach the safety zone within 10 seconds, an error reaction was recorded. Error reaction times were recorded once daily, and all measurements were performed by observers blinded to individual treatment.

### Preparation of brain tissue samples {#sec3-4}

Ten rats were sacrificed at 24 hours and 7, 14, 21, and 28 days after model establishment. The rats were sacrificed by anesthesia overdose with an intraperitoneal injection of 300 mg/kg chloral hydrate. Intracardiac perfusion was then performed with 100 mL cold saline. Brain tissues from the lesion zone of each group were harvested for preparation of paraffin sections, which were used for histological analysis and immunohistochemical staining\[[@ref13]\].

### Observation of pathological changes using hematoxylin-eosin staining {#sec3-5}

Hematoxylin-eosin staining was employed to measure morphological changes. The paraffin sections were subjected to de-waxing and hydration, followed by Harris hematoxylin staining for 5 minutes. The sections were then differentiated in 0.6% hydrochloric acid alcohol for 30 seconds, counterstained in acidified eosin alcohol for 1--2 minutes, dehydrated, cleared, and the lesion and boundary zones were observed by light microscope (Olympus, Tokyo, Japan).

### BrdU/GFAP immunofluorescence {#sec3-6}

BrdU and GFAP immunofluorescence was performed on the brain sections to identify transplanted BMSCs and specific cell types\[[@ref7]\]. The paraffin-embedded sections were de-paraffinized in Histoclear and rehydrated in a 100--70% ethanol gradient, followed by distilled water. Endogenous peroxidase was inhibited by incubating the sections in 0.3% hydrogen peroxide at room temperature for 20 minutes. The sections were then incubated with primary rabbit BrdU polyclonal antibody BrdU (Sigma; 1: 80) at 4°C overnight. After three PBS washes, the sections were incubated in fluoresceine isothiocyanate-conjugated goat anti-rabbit IgG (Roche, Indianapolis, IN, USA) (1: 30) in PBS at 37°C for 2 hours. After three PBS wash steps, the sections were incubated in goat anti-mouse GFAP (Roche; 1: 100) at 4°C overnight. Finally, sections were washed three times with PBS and incubated in Cy3-conjugated mouse anti-goat IgG (Roche; 1: 30) in PBS at 37°C for 2 hours. Cover slips were washed and mounted with 50% glycerin in PBS before imaging (fluorescence microscope, Leica, Solms, Germany). Negative control sections underwent identical preparations for immunohistochemical staining. BrdU-GFAP positive cells were quantified in five random areas in the lesion boundary zone at 200 × magnification under fluorescence microscope.

### BDNF, nestin, and factor VIII immunohistochemistry {#sec3-7}

BDNF, nestin, and factor VIII expressions were detected using the streptavidin-peroxidase method\[[@ref10]\] with primary antibodies: rabbit anti-BDNF (Sigma), nestin (Roche), and factor VIII (Roche). The staining was performed strictly according to the instruction of the staining kit. The sections were then incubated with biotinylated goat anti-rabbit IgG secondary antibodies diluted 1: 100 in PBS for 20 minutes at 37°C. The sections were then washed in PBS and incubated for 30 minutes at 37°C in streptavidin peroxidase. The sections were observed by light microscope following diaminobenzidine coloration.

### Detection of cell apoptosis using TUNEL staining {#sec3-8}

Cell apoptosis was analyzed using a DeadEnd Colorimetric TUNEL system (Roche)\[[@ref11]\]. Apoptotic cells in injured brain tissues were detected using the In Situ Apoptosis Detection Kit (Roche) according to manufacturer instructions. TUNEL-positive cells were quantified in five random areas from five different sections at 400 × magnification under a light microscope. The number of TUNEL-positive cells was represented by cells/400 × field of view.

### Statistical analysis {#sec3-9}

Data were expressed as mean ± SD and analyzed with SPSS for Windows (version 12.0; SPSS, Chicago, IL, USA) for two-tailed independent sample *t*-test. *P* \< 0.05 was considered statistically significant.
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